It has been suggested from studies in human subjects that sex, handedness, and brain asymmetries influence variation in corpus callosum (CC) size and these differences reflect the degree of connectivity between homotopic regions of the left and right cerebral hemispheres. Here we report that handedness is associated with variation in the size of the CC in chimpanzees. We further report that variation in brain asymmetries in a cortical region homologous to Broca's area is associated with the size of the CC but differs for right-and left-handed individuals. Collectively, the results suggest that individual differences in functional and neuroanatomical asymmetries are associated with CC variation not just in humans but also in chimpanzees and therefore may reflect a common neural basis for laterality in these 2 species.
Introduction
The corpus callosum (CC) is the major tract of fibers connecting homotopic cortical regions of the left and right cerebral hemispheres. The role of the CC in interhemispheric transfer of information and duality of cognitive functions has been demonstrated extensively in studies of split-brain patients and animals (Gazzaniga 2000) as well as individuals with agenesis of the CC (Jancke et al. 1997b) . It has been hypothesized that variation in the size of the CC can explain both individual and evolutionary differences in behavioral and brain asymmetries (Ringo et al. 1994; Rilling and Insel 1999; Aboitiz et al. 2003) . Specifically, it has been suggested that as brain size increases, interhemispheric connectivity decreases, resulting in greater neuroanatomical and behavioral specializations of the left and right cerebral hemispheres, and increased intrahemispheric connectivity. From a phylogenetic perspective, there is some support for this theory. Recent comparative studies in vertebrates, including nonhuman primates, have shown an inverse relationship between brain size and CC morphology as well as fiber density (Rilling and Insel 1999; Olivares et al. 2000 Olivares et al. , 2001 . Moreover, in primates, it has also been reported that species with smaller CC to brain size ratios have larger brain asymmetries (Hopkins and Rilling 2000) than species with larger ratios.
Less clear from the literature is whether or not individual differences in brain size and asymmetries are associated with CC morphology (see Jancke et al. 1997a) . In humans, a significant body of research has accumulated examining CC size differences between sexes and handedness groups (Witelson 1985; Habib et al. 1991; Burke and Yeo 1994; Driesen and Raz 1995; Bishop and Wahlsten 1997) . In general, the results indicate that males have smaller CCs than females, and that left-handed or inconsistently handed subjects have larger CCs compared with right-or consistently handed individuals (i.e., those with either a left or right hand preference). Notwithstanding, the findings have not always been consistent among studies and differences may reflect 1) the types of specimens used (post mortem vs. in vivo imaging), 2) the manner in which the CC is quantified, and 3) with respect to handedness, the procedure by which subjects are classified as left-or right-handed.
Less studied in humans has been the association between neuroanatomical asymmetries and CC size, particularly in relation to handedness or other functional asymmetries (Clarke et al. 1993; Clarke and Zaidel 1994; Moffatt et al. 1997; Dorion et al. 2000) . Some have reported negative associations between magnitudes of brain asymmetry in the posterior sylvian fissure and CC size, particularly in males (Aboitiz et al. 1996) . Luders et al. (2003) , in one of the only studies to examine the modulating effect of handedness on the association between brain asymmetries and CC size, found a significant association between sylvian fissure length and total and anterior CC size, particularly among right-handed subjects. In contrast, the splenium positively correlated with asymmetries in the postcentral sulcus. Clearly more studies are needed in which the combined effect of handedness and brain asymmetry in relation to CC size is assessed because handedness may not necessarily be the best indicator of all neuroanatomical asymmetries. For example, correlations between handedness and asymmetries in the planum temporale (PT), inferior frontal lobe, and motorhand area, although significant, seldom account for more than 50% of the variance (Foundas et al. 1995; Beaton 1997; Hammond 2002) . Thus, there is variability in directional biases in brain asymmetries within defined handedness groups and therefore the combined rather than the independent effects of handedness and brain asymmetries might potentially explain a greater amount of variability in CC size.
When considering data from nonhuman animals, there are almost no studies on the relation between behavioral or brain asymmetries and CC size. It has been reported that the size of the CC in male rats is larger than in females and these effects can be modified by early handling experiences as well as prenatal hormone exposure (Denenberg et al. 1991) . Furthermore, rats with more asymmetric brains have smaller CCs compared with rats with less asymmetric brains (summarized in Rosen 1996) . Several studies on mice with callosal agenesis or surgical transection of the CC have shown that they are significantly left-pawed and the incidence of complete agenesis is greater in females compared with males (Manha˜es et al. 2002 (Manha˜es et al. , 2003 (Manha˜es et al. , 2005 . In dogs, the CC is larger in right-compared with left-pawed individuals (Aydinliog˘lu et al. 2000) , a finding similar to those recently reported by Dunham and Hopkins (in press) in chimpanzees. Franklin et al. (2000) did find that female rhesus monkeys have smaller CC compared with males, however, no correction was made for differences in brain volume.
The paucity of data from nonhuman animals on limb preferences and brain asymmetry in relation to CC size is problematic given the assumption that associations between CC size and brain asymmetry underlie the organization of lateralization in the central nervous system of all vertebrates (see Galaburda et al. 1990; Rosen 1996) . The complete absence of data from chimpanzees is particularly unfortunate because recent studies have shown that great apes, like humans, exhibit populationlevel handedness for a variety of tasks (Hopkins in press) as well as leftward neuroanatomical asymmetries in brain regions homologous to the human language areas including Broca's and Werrnicke's areas (Gannon et al. 1998; Hopkins et al. 1998; Cantalupo and Hopkins 2001; Cantalupo et al. 2003) . In addition, there is some evidence that variation in hand preferences is associated with neuroanatomical asymmetries in the primary motor cortex as well as regions of the inferior frontal gyrus (IFG) (Hopkins and Cantalupo 2004; Taglialatela et al. 2006) .
The purpose of this study was to examine whether or not handedness modulates the association between brain asymmetries and CC size in a sample of chimpanzees. Based on behavioral and brain asymmetries identified previously in chimpanzees, it was hypothesized that individual differences in CC morphology would be associated with variation in laterality within this species. Specifically, our hypothesis was that if laterality is associated with a reduction in interhemispheric connectivity in chimpanzees, as manifest by smaller CC, then more lateralized subjects should show significantly smaller CC than less lateralized apes. Moreover, if handedness represents a functional asymmetry in chimpanzees, then it was further hypothesized that variation in the association between CC size and brain asymmetries would differ between left-and right-handed individuals.
Method

Subjects
Behavioral assessment of handedness and magnetic resonance images (MRIs) were collected in a sample of 60 captive chimpanzees (Pan troglodytes) including 32 females and 28 males ranging in age from 6 to 45 years (mean = 22.06, SD = 11.39). All the chimpanzees are or were members of a captive colony housed at Yerkes National Primate Research Center (YNPRC) in Atlanta, GA. Twelve of the brains were scanned post mortem, whereas the other 48 subjects were alive and healthy at the time of the scan.
Image Collection and Procedure
MRIs were obtained from cadaver specimens and in vivo. The cadaver specimens (n = 12) were stored in a solution of water and 10% formaldehyde for intervals ranging from 1 week to 5 years and were scanned with a 4.7-T magnet (Bruker, BioSpec). For the in vivo scans, subjects were first immobilized by ketamine injection (10 mg/kg) and subsequently anaesthetized with propofol (40--60 mg/kg/h) following standard procedures at the YNPRC. Subjects were then transported to the MRI facility. The subjects remained anaesthetized for the duration of the scans as well as the time needed to transport them between their home cage and the imaging facility (total time~2 h). Subjects were placed in the scanner chamber in a supine position with their head fitted inside the human-head coil. Scan duration ranged between 40 and 80 min as a function of brain size. The majority of the subjects (n = 38) were scanned using a 1.5-T scanner (Phillips, Model 51). The remaining chimpanzees (n = 10) were scanned using a 3.0-T scanner (Siemens Trio, Siemens Medical Solutions USA, Inc., Malvern, PA) at the YNPRC.
For all chimpanzees scanned in vivo using the 1.5-T machine, T 1 -weighted images were collected in the transverse plane using a gradient echo protocol (pulse repetition = 19.0 ms, echo time = 8.5 ms, number of signals averaged 8, and a 256 3 256 matrix). For the 12 postmortem scans, T 2 -weighted images were collected in the transverse plane using a gradient echo protocol (pulse repetition = 22.0 s, echo time = 78.0 ms, number of signals averaged = 8--12, and a 256 3 192 matrix reconstructed to 256 3 256). Ten of the chimpanzees were scanned using a 3.0-T scanner (Siemens Trio). T 1 -weighted images were collected using a 3-dimensional gradient echo sequence (pulse repetition = 2300 ms, echo time = 4.4 ms, number of signals averaged = 3, matrix size = 320 3 320).
After completing MRI procedures, the subjects scanned in vivo were returned to the YNPRC and temporarily housed in a single cage for 6--12 h to allow the effects of the anesthesia to wear off, after which they were returned to their home cage. The archived MRI data were transferred to a PC running Analyze 6.0 (Mayo Clinic, Mayo Foundation, Rochester, MN) software for postimage processing.
Brain Regions of Interest
CC Measurement
CC area measurements were taken from the midsagittal slice using a method similar to that described by Witelson (1989) . The method divides the CC into 7 segments, which are roughly associated with different sets of fiber projections to various cortical regions of the brain (LaMantia and Rakic 1990; Pandya et al. 1986; Witelson 1989 ). Witelson's (1989) study was conducted on post-mortem brain tissue, therefore the method was adapted for use with MRI scans and computer analysis (see Fig. 1 ). Using the region of interest function (ROI) within ANALYZE, the CC was first divided into thirds. The anterior third was then subdivided into 3 regions by inserting a vertical line through the point where the anterior CC begins to curve back slightly. This delineated regions 1, 2, and 3, which are congruent to Witelson's (1989) rostrum, genu, and rostrum body. The region of the middle third was subdivided into 2 equal sections, creating regions 4 and 5 referred to as the anterior and posterior midbodies. The posterior third was further subdivided into 2 sections, the isthmus and splenium. Witelson (1989) defined the splenium as occupying the posterior one-fifth of the total CC length. To delineate this region, a total CC length measurement, from the most anterior point to the most posterior point of the CC, was taken. Based on the length measurement, a vertical line was drawn through the CC to define the posterior one-fifth as the splenium. The remaining section, just anterior to the splenium, was congruent to Witelson's (1989) isthmus. Using the tracing tool, the area (in mm 2 ) of the CC lying within each outlined region was measured in each individual.
Consistent with previous studies (Luders et al. 2003) , we combined the area measures for the 3 most anterior regions (rostrum, genu, and rostrum-midbody) and referred to this as the anterior CC region. Areas measures of the CC for each region were calculated for each subject. Brain volumes were also obtained using an automated segmenting module within ANALYZE and included white and gray matter as well as the ventricles but not the cerebellum or brain stem structures. L.D. traced all the CC and was blind to the sex and handedness of the subjects. To assess reliability, 2 individuals (L.D. and J.T.) blind to the handedness of the subjects independently measured the entire CC and each region within the CC in a sample of 10 chimpanzees. For the entire CC, the correlation was positive and significant (r = 0.81, df = 8, P < 0.01). The correlation coefficients for each region of the CC ranged from 0.69 to 0.89, all of which were significant at P < 0.05.
Brain Asymmetry Measurements
Two brains regions considered homologous to the classic language areas of the human brain were measured in this study including the frontalorbital sulcus (FO) and PT. Population-level leftward asymmetries have been reported for both of these regions in chimpanzees (Cantalupo and Hopkins 2001; Cantalupo et al. 2003; Hopkins and Cantalupo 2004 ) and therefore they were ideal for characterizing the association between brain asymmetry and handedness. The procedure used to trace reach region is described below. All experimenters tracing the MRI scans were blind to the sex and handedness of the subjects. Two individuals blind to the handedness of the subjects and orientation of the brain independently traced FO and PT. Interrater correlation coefficients between 2 individuals were positive and significant for FO (r = 0.998, df = 6, P < 0.001) and PT (r = 0.947, df = 6, P < 0.01).
FO sulcus. A portion of the IFG, where part of Broca's area is located, was measured by tracing the length of the FO sulcus, a prominent landmark of the opercular portion of the IFG (see von Bonin 1949; Cantalupo and Hopkins 2001; Sherwood et al. 2003) . FO could be clearly seen in para-sagittal (1 mm thick) MRI slices, and its length was traced from the first lateral slice where it was present up to the slice immediately preceding the opening of the insula (between 4 and 9 slices). The lengths of FO within each hemisphere were summed across slices to derive an estimate of the area of this region.
Planum temporale. To measure the surface area of PT, the MRI scans were aligned in the coronal planes and cut into 1-mm slices using multiplanar reformatting software (ANALYZE). Coronal rather than sagittal image sequences were used because, according to some, these provide the best direct assessment of the full depth of the sylvian fossa of which the PT is its floor (Larsen et al. 1989; Shapleske et al. 1999) . The anterior border of the PT was defined by the most rostral slice showing Heschl's gyrus (HG). The posterior border was defined by the most caudal slice showing the sylvian fissure. Once the anterior and posterior borders were delineated, the depth of SF (i.e., width of the PT) on each slice was measured from the superolateral margin of the superior temporal gyrus. Depth measures were taken up to the lateral ridge of HG in all the slices where HG was present (normally, HG was no longer present in slices proximal to the posterior border of PT). Following a well-established procedure in the human literature, an estimate of the PT surface areas (in mm 2 ) was computed as the sum of the cumulative PT depth measures for each slice within a hemisphere multiplied by the slice thickness.
Handedness Measurement
Like the previous study by Dunham and Hopkins (in press) in chimpanzees, a composite measure of handedness was derived from 4 measures of hand use previously described in these subjects including manual gestures (Hopkins et al. 2005) , simple reaching (Hopkins et al. 2002) , bimanual feeding (Hopkins 1994) , and a task measuring coordinated bimanual actions, referred to as the TUBE task (Hopkins 1995) . These 4 measures were selected on which to derive a single measure of handedness because 1) they were uncorrelated with each other (see Hopkins in press), 2) they each elicit consistent hand preferences in the chimpanzees, and 3) these measures were available in the largest cohort of subjects. A brief description of each measure is provided below.
Manual Gestures
At the onset of each trial, an experimenter would approach the chimpanzee's home cage and center themselves in front of the chimpanzee at a distance of approximately 1.0--1.5 m. If the chimpanzee was not already positioned in front of the experimenter at the onset of the trial, the chimpanzee would immediately move toward the front of the cage when the experimenter arrived with the food. The experimenter then called the chimpanzee's name and offered a piece of food until the chimpanzee produced a manual gesture. Only responses in which the chimpanzee's unimanually extended their digit(s) through the cage mesh to request the food were considered a response. Other possible manual responses such as cage banging or clapping were not counted as a gesture. Two-handed gestures, although rare, were not scored as were gestures that were produced by the chimpanzee prior to the experimenter arriving in front of the chimpanzee's home cage. When the chimpanzees produced a unimanual gesture, the experimenter recorded hand use as left or right.
Simple Reaching
On each trial, a raisin was thrown into the subject's home cage. The raisin was thrown by the experimenter to a location at least 3 m from the focal subject so that the chimpanzees had to locomote to position to the raisin, pick up the raisin, and bring it to their mouth for consumption. When the chimpanzee acquired the raisin, the experimenter recorded the hand used as left or right. One, and only one, reaching response was recorded each trial to assure independence of data points (see McGrew and Marchant 1997; Hopkins 1999 for contrasting views). Thus, raisins were not randomly scattered in home cages but rather an individual raisin was thrown into cages and subjects retrieved the raisin before another was thrown into the cage. Subjects were required to locomote at least 3 strides between reaching responses to maintain postural readjustment between trials.
Bimanual Feeding (FEED)
Each afternoon, the primates housed at the YNPRC receive fruits and vegetables as part of their daily diet. Each subject usually receives 2 oranges, 1 banana, some celery stalks, and/or carrots. Upon retrieving the food, the subjects typically move to a seating place and consume the food. The chimpanzees generally hold the extra pieces of food with one hand and feed with the opposite hand. Hand use was recorded when the subjects were feeding with one hand for a minimum duration of 3 seconds and the nonfeeding hand was holding the remaining portions of food. The dominant hand was recorded as the one feeding.
Coordinated Bimanual Actions (TUBE)
The second handedness measure was a task requiring bimanual coordinated actions, referred to as the TUBE task (Hopkins 1995) . For the TUBE task, peanut butter is smeared on the inside edges of polyvinyl chloride (PVC) tubes approximately 15 cm in length and 2.5 cm in diameter. Peanut butter is smeared on both ends of the PVC pipe and is placed far enough down the tube such that the subjects cannot lick the contents completely off with their mouths but rather must use one hand to hold the tube and the other hand to remove the substrate. The PVC tubes were handed to the subjects in their home cages and a focal sampling technique was used to collect individual data from each subject. The hand of the finger used to extract the peanut butter was recorded as either right or left by the experimenter. Each time the subjects reached into the tube with their finger, extracted peanut butter and brought it to their mouth, the hand used was recorded as left or right.
All the chimpanzees were tested in the outdoor portion of their home cages. The number of responses obtained from each subject differed within and between tasks. Notwithstanding, a minimum of 30 responses were obtained for each individual for each task. Individuals recording the hand use data were blind to the brain asymmetries of the subjects, the size of the CC, and the hypothesis of the study.
Data Analysis
Corpus Callosum
The best way to analyze differences in CC morphology is a matter of some debate (Bermudez and Zatorre 2001; Smith 2005) . The principle issue is the confounding relationship between CC size and overall brain volume. To address this issue, brain volume was regressed on the total CC area as well as the area measures for each of the 5 CC regions. The individual unstandardized residuals were saved from these analyses and served as subsequent dependent variables in evaluating the influence of hand and sex on CC morphology. The residuals represent the degree of deviation in size of the CC area of each individual as predicted from their brain size. Thus, positive values represent individuals that have larger CC areas for an organism of their brain volume, whereas negative values represent individuals that have smaller CC areas for their individual brain volume. We opted to use the residual values because they have been used in previous studies on the association between handedness and CC size in chimpanzees (Dunham and Hopkins in press) as well as in comparative studies of the relative size of the CC between different primate species (Hopkins and Rilling 2000) .
To be assured that the residual measures were comparable with other measures, we calculated ratio measures for the entire CC and each region by dividing the area measures by the total brain volume. The resulting ratios were then correlated with the residual CC values for the entire CC as well as the anterior region, anterior-midbody, posteriormidbody, isthmus, and splenium. The resulting correlation coefficients were 0.650, 0.755, 0.688, 0.684, 0.801, and 0.789, respectively. Each of these correlation coefficients was significant at P < 0.01.
Brain Asymmetries
For both the FO sulcus and PT, asymmetry quotients (AQ) were derived following a commonly used formula AQ = [(R -L)/R + L) 3 0.5] in which positive values reflect rightward asymmetries and negative values reflected leftward biases. Based on the sign of the AQ values, we classified any chimpanzees having a negative AQ value as being left hemisphere biased and any subjects with a positive AQ as right hemisphere biased. 
Hand Preference Classification
Results
Descriptive Statistics
Few studies have examined different aspects of CC size in chimpanzees. Therefore, for the sake of providing descriptive data for this species, we have provided the mean area for the overall CC as well as the specific ROIs for males and females in our sample (see Table 1 ). In rhesus monkeys and rats, early rearing experiences have been shown to influence CC size (Denenberg et al. 1991; Sa´nchez et al. 1998) . Thus, to assess whether rearing had a significant effect on CC size in our subjects, a multiple analysis of variance (MANOVA) was performed with the raw CC area measures serving as the dependent variables. Sex and rearing history (mother, nursery, wild) served as between group variables. The MANOVA was performed with and without brain volume serving as a covariate. For both analyses, no significant main effects or interactions were found. Thus, neither rearing history nor sex had a significant influence on the raw or adjusted CC size. We also examined the potential effect of sex and rearing history on the AQ values for FO and PT as well as the average handedness index. No significant main effects or interactions were found. Lastly, one sample t-tests on the AQ values for the PT, t(59) = -5.19, P < 0.001, and FO, t(59) = 2.34, P < 0.01, revealed significant population-level leftward asymmetries, whereas a population-level rightward bias was found for the average HI value, t(59) = 3.11, P < 0.01. These findings are consistent with previous reports in our laboratory (Cantalupo and Hopkins 2001; Cantalupo et al. 2003; Hopkins in press ).
Handedness and Sex Differences in Brain Asymmetry
We next examined the influence of sex and handedness on brain asymmetries. For this analysis, the AQ values for the PT and FO served as repeated measures in a mixed model analysis of variance. Sex (male, female) and handedness (left, right) served as between-group factors. No significant main effects or interaction were found. The mean AQ values for left-and righthanded males and females are shown in Table 2 .
Because we were interested in the potential modulating effect of CC size in relation to handedness and brain asymmetry, we reran the same analysis as described above but included the overall CC residual as a covariate. The subsequent results indicated a significant 2-way interaction between handedness and brain asymmetry, F 1,52 = 4.08, P < 0.04 (see Table 2 ). Post hoc analysis indicated that right-handed males were more leftward in their AQ values compared with left-handed males. In contrast, no significant difference was found between leftand right-handed females.
Handedness, Brain Asymmetry and Residual CC Size (ADD FOOTNOTE)
For this analysis, the total and regional residual CC values served as dependent variables in a MANOVA. Handedness (left, right), brain asymmetry (left, right), and sex (male, female) served as between-group factors. Separate analyses were performed for the FO and PT measures of brain asymmetry. For FO, the MANOVA revealed a significant 2-way interaction between handedness and brain asymmetry, F 6,47 = 2.45, P < 0.04. The subsequent univariate F-tests revealed significant 2-way interactions between handedness and brain asymmetry for the total CC F 1,52 = 11.92, P < 0.01, anterior F 1,52 = 6.43, P < 0.02, anterior-midbody F 1,52 = 12.48, P < 0.01, posterior-midbody F 1,52 = 3.88, P < 0.05, and isthmus F 1,52 = 4.23, P < 0.05. The mean residual CC value for the total CC and each region is shown in Figure 2 . Post hoc analysis was performed using Tukey's honestly significant difference test. Table 3 ). For right-handed chimpanzees, significant associations were found between the FO AQ values and the entire CC, anterior-midbody, posterior-midbody, and isthmus. For left-handed chimpanzees, none of the correlations reached conventional levels of statistical significance. For the PT, none of the correlations were significant. For FO, a comparison between the correlation coefficients of left-and right-handed chimpanzees revealed significant differences for the overall CC as well as the anterior-midbody, posterior-midbody, and isthmus (see Table 3 ). Thus, right-and left-handed chimpanzees showed significant opposite associations between asymmetries in FO and regions of the CC. Among right-handed chimpanzees, more rightward lateralized subjects for FO had larger CC values. In contrast, in left-handed chimpanzees, more rightward FO values were associated with smaller CC values.
Correlations between Absolute AQ Values, Handedness, and Sex Rather than the direction of bias, in the next analyses we examined the association between strength of brain asymmetry, handedness, and sex. For these analyses, the absolute value of the AQ scores was calculated and used in the analyses. Separate correlation analyses between the absolute FO and PT AQ values and the CC residual values for males and females as well as leftand right-handed chimpanzees were carried out (see Table 4 ).
Right-Handed
Left Overall, there were few significant associations. With regard to hand use, among left-handed chimpanzees, more lateralized asymmetries in the PT were associated with relatively smaller CC for the total and anterior-third region. Regarding the sex of the subjects, for FO, males with larger asymmetries had smaller residual values for the total CC and isthmus.
Discussion
Three significant findings emerged from this study. First, handedness modulates the association between CC size and brain asymmetries in the FO sulcus but not the PT in chimpanzees. Second, after adjusting for the relative size of the CC, a significant hand by sex interaction was found for the brain asymmetries. Lastly, correlational analyses between strength of brain asymmetries and relative CC size revealed some significant associations, particularly for the FO sulcus in males.
One of the main findings of this study was that the association between CC size and brain asymmetries, particularly for FO, the sulcus comprising part of the frontal operculum varies depending on the handedness of the subjects. In particular, righthanded chimpanzees that had asymmetries in FO that were ipsilateral to their preferred hand had larger CC residual values than chimpanzees that had asymmetries that were consistent with their preferred hand. To our knowledge, this is the first evidence indicating that an association between brain asymmetries and CC size is altered by their limb preference, in a nonhuman animal. It is somewhat difficult to interpret these results comparatively with findings in humans because different brain regions have been assessed between the 2 species (e.g., Luders et al. 2003) . Structure--function associations in relation to CC size have largely focused on the PT in humans and our results for FO are consistent with at least some of those reports (Moffatt et al. 1997; Sequeira et al. 2006) . That is, for righthanded individuals, greater rightward brain asymmetries were associated with a larger CC (Moffatt et al. 1997 ); however, it should be stated that the results we obtained for the PT in the chimpanzees are not entirely consistent with those in humans, in light of the fact that none of the MANOVA results reached significance. Thus, attempting to compare the findings may not be entirely legitimate given the procedural differences and kinds of tasks used to assess asymmetries between the 2 species. In point of fact, we could find no studies that have examined the association between CC size and asymmetries in the frontal operculum in human subjects.
One of the main limitations of our study with respect to the PT was the lack of subjects with a rightward asymmetry. Of the 60 subjects, 48 were classified as leftward biased (80%) and 12 were rightward biased (20%). For right-handed chimpanzees, 9 showed a rightward PT bias, whereas only 3 left-handed chimpanzees showed a rightward PT bias. Thus, there simply was not enough variability in PT asymmetry between left-and right-handed chimpanzees to make this a particularly useful comparison in our study, despite the obvious heuristic interest in this brain region. The relatively large distribution of leftward biased subjects is somewhat higher than the values reported for human brains (Beaton 1997) but is consistent with one other report of PT asymmetries in chimpanzee cadaver specimens (Gannon et al. 1998) .
When one considers the correlation between the total CC size and FO for left-and right-handed chimpanzees, the pattern of results largely reflects the findings when using the MANOVA statistics. For right-handed subjects, subjects with more leftward AQ values had smaller CC sizes. In left-handed chimpanzees, the opposite pattern occurs; subjects with more leftward asymmetries had larger CC residual values. When considered collectively, the following pattern of results is evident. Left-and right-handed chimpanzees with FO asymmetries that are larger in the contralateral hemisphere have CC sizes that do not differ substantially from what would be predicted for an animal of their brain size. In contrast, right-handed chimpanzees with FO asymmetries that are larger in the ipsilateral hemisphere have large CC values for animals of their brain size. Left-handed chimpanzees with larger brain asymmetries in the hemisphere ipsilateral to their preferred hand have smaller CC values for animals of their brain size. Thus, quite different patterns in relation to FO asymmetry and CC size are found in these 2 handedness cohorts.
What explains the differential pattern of results between right-and left-handed chimpanzees in relation to FO brain asymmetries is not clear. Witelson and Nowakowski (1991) and others (Galaburda et al. 1990 ) have suggested that differences in CC size in right-and left-handed subjects may reflect excessive or a lack of pruning of interhemispheric cortical cells during development. These theoretical models have largely attempted to explain hand and sex difference in CC size in humans and have not necessarily considered both brain asymmetry and handedness together. Notwithstanding, if one adopts the theoretical position of Witelson and Nowakowski (1991) , our results would suggest that the association between brain asymmetries and the CC in left-and right-handed chimpanzees may reflect differences in axonal pruning between hemispheres. The origin of these potential neurodevelopmental effects is not clear but post-mortem studies on CC morphology and cellular organization in chimpanzee corpus callosi would be most useful for interpreting the morphology data (see Broadfield 2001) .
We found almost no evidence of sex differences in relative CC size. Specifically, for all of the MANOVA analyses, sex was a never a significant main effect nor interacted significantly with either handedness or brain asymmetry. When considering the Bolded values indicate significant correlation coefficients at P \ 0.05. Values underlined are significant at P \ 0.10. Between hand and between sex differences in correlation coefficients were statistically compared and are indicated by the corresponding z-scores. þP \ 0.05, *P \ 0.10.
correlation analyses, there were some significant associations found between strength of asymmetry and CC size in males but there were many correlations performed and we cannot rule out type I error as a potential explanation for this finding. Notwithstanding these limitations, it is of note that the inverse relation between brain asymmetry and CC size was in males only, a finding consistent with 2 other reports in humans (Aboitiz et al. 1996; Luders et al. 2003) and at least one report in rats (Berrebi et al. 1998) . Thus, where significant associations were found, our results are consistent with the extant literature. It could be argued that inclusion of post-mortem images may have skewed the results in someway due to shrinkage factors. If the same analyses as described above are performed only on the in vivo scans, no differences in the results are found. Thus, inclusion of the cadaver scans is appropriate and does not skew the results. Moreover, we used the residual CC values and presumably shrinkage would influence all brain regions in a similar manner. Thus, relatively speaking, the CC size as well as overall brain volume were both smaller in post mortem brains due to the same influence of the fixative agents.
It should also be noted that different approaches have been employed to statistically control for individual differences in brain size in relation to CC size (i.e., Smith 2005) . We opted to use residual values but if other measures are used in our sample, comparable results are found. Specifically, if ratio measures in the size of the CC relative to brain volume are used (CC values/ brain volume) are used as the dependent measures, significant intereactions are found between handedness and brain asymmetry for the entire CC, F 1,56 = 12.58, P < 0.001, as well as the anterior region, F 1,56 = 9.05, P < 0.01, anterior-midbody, F 1,56 = 11.68, P < 0.001, posterior-midody, F 1,56 = 7.08, P < 0.01, isthmus, F 1,56 = 6.89, P < 0.01, and splenium, F 1,56 = 4.99, P < 0.05. For comparison to the findings using the residual values depicted in Figure 3 are the mean ratio values for left-and righthanded chimpanzees that had either positive or negative AQ values for FO (labeled left or right hemisphere biased). As can be seen, the results for the ratio values are quite comparable with the results using residual CC values. Thus, our results are consistent across different methods used in controlling for the relative difference in CC size in relation to brain volume.
In sum, the results reported here indicate that associations between the size of the CC and brain asymmetry are modulated by the handedness of the chimpanzees but not their sex. Specifically, chimpanzees with brain asymmetries in the FO sulcus consistent with their preferred hand have significantly smaller CC residual values than chimpanzees with asymmetries ipsilateral to their preferred hand and these effects are more robust for the anterior regions of the CC. Some have questioned the validity of handedness as a marker of hemispheric specialization in nonhuman primates (Warren 1980; Ettlinger 1988) and our results contradict this view. Rather, our results suggest that handedness in chimpanzees when considered alone or in conjunction with a measure of brain asymmetry explains a significant proportion of variation in CC size and therefore is a significant predictor of hemispheric specialization. Lastly, we found no compelling evidence of sex differences in the relative size of the CC in chimpanzees, a finding at odds with common lore in the human literature on CC morphology; however, reports of sex differences in CC morphology in humans are not consistent across studies and therefore should be interpreted with some caution. If sex differences in CC morphology are evident in humans and not in chimpanzees, this might represent a neurological trait unique to hominid evolution, as has been suggested by some (Holloway et al. 1993 ).
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